We report on a hybrid sheet-based manufacturing approach for organic electrochemical transistors comprising printing and a self-aligning laser ablation step.
Introduction
Manufacturing of printed transistors has to cope with the challenge to reliably deliver devices exhibiting high on/off-ratios and low operating voltages, preferably below 3 V, enabling for instance the utilization of printed batteries in mobile applications or sensing in aqueous environments. In literature three different approaches are in principle followed: (i) organic fieldeffect transistors (OFETs) /1//2//3/ , (ii) (poly)electrolyte-gated organic field-effect transistors (EGOFETs) /4//5//6//7//8/ and (iii) organic electrochemical transistors (OECTs). /9//10//11/12/13/14/ For OFETs, reasonably low operating voltages are obtained by using high-k dielectric materials /1/ or ultra-thin dielectric layers obtained by self-assembled molecular monolayers. /2/ Both OFET approaches have certain drawbacks regarding manufacturing: whereas the former is accompanied by introduction of charge traps, the implementation of the latter by scalable printing methods is limited. When it comes to application of electronics in the low-cost sector, e.g. as added value (sensor, signage element, etc.) on consumer products such as food packages, the costs of the manufacture must not significantly exceed the ones of usual graphically printed items. The requirement for OFETs to have an ultra-short transistor channel implies a reduction of the minimal patterning feature size down to the sub-micrometer scale. This fact increases the equipment costs as it drives the demand for the involved techniques towards and beyond their usual resolution limits. At this point, the OECTs enter the scene. OECTs are typically slower, but operate at voltages in the range of several volts and can run higher currents through the channel as OFETs of similar dimensions. Further, the electrical parameters of OECTs do not strictly relate to the geometrical constraints: the channel is made of a conducting polymer which is in contact with an electrolyte that, in turn, contacts with a gate electrode. /11/ The OECT concept enabled freeform fabrication /12/ and solution processing such as spin coating. /13//14/ Still, 4 irrespective of the transistor concept, a limiting factor for an upscaling of production, e.g.
towards roll-to-roll or sheet-based manufacturing of complex logic device arrays, is the quality of the multilayer registration between the individual process steps. In this paper, we present a hybrid manufacturing approach based on a combination of different printing techniques and laser structuring. The key of our manufacturing concept is the introduction of a self-aligning laserablation process amidst screen printing and inkjet printing passes. is not yet reported, which serves as the key motivation to this work.
Results and Discussion

< Figure 1 >
The top view and side view of the stack which builds the individual OECT is shown in Fig. 1 .
The self-alignment of the subtractive step is based on a difference in the absorption properties of the source-drain structure (sub-layer) and the dielectric layer. To achieve the stack, Fig. 2 shows the schematic workflow. The process starts with screen printing two passes on a flexible substrate: a conductive layer (which will act as the source-drain structure of the OECT) and a dielectric layer (which thoroughly separates the electrolyte from being in contact with the sourcedrain structure) preventing parasitic leakage currents. Fig. 2 illustrates how the usage of laser 8 ablation as a lateral and vertical structuring tool solves the registration issues during the manufacturing process. The laser light causes local heating and evaporation of the conductive layer, which also results in perforation of the dielectric. During this step, the precision in positioning of the individual source-drain structure does not have to be better than the lateral dimensions of the dielectric layer (order of a few millimeters), which is easily achieved even by manual or semi-automatic printing equipment ("by eye") without expensive alignment technology. Microscope images of the components during the fabrication processes, screen printing, laser ablation and inkjet printing, can be found in Fig. 3 . A square-shaped channel geometry ( Fig. 3B ) is aimed for as the optimum with respect to the achievable on/off ratios
An important question is whether the deposited PEDOT:PSS finds the crack-like cavity in the dielectric layer induced by the laser ablation step. From the microscope images ( Fig. 3B and Fig.   3D ), the hypothesis can be formed that the PEDOT:PSS is driven by capillary forces to the crack to form an effective transistor channel between the two separated parts of the source-drain structure. To shed light on this question, a screen-printed and disconnected component (printed conductive source-drain layer and dielectric layer, after laser irradiation) was cut in half ( Fig. 4A) precisely in the region of the laser trajectory ( Fig. 4B ) and investigated by cross-sectional scanning electron microscopy (SEM) (Fig. 4D ) at an angle of inspection of ca. 30 °.
<Figure 4>
The contrast-enhanced grey-scale image in Fig. 4D shows a clear delamination of a platelet of the dielectric layer, giving rise to a cavity formation below this layer. This cavity is in conjectural contact with the remaining parts of the conductive layer. Consulting comparative measurements with two-dimensional optical profilometry ( Fig. 4B and Fig. 4C ) we quantified a height difference of 6 µm next to the formed "crack" in comparison to 3 µm at the areas where the dielectric layer covers the conductive layer.
Our understanding of the laser ablation process is as follows: as the dielectric layer and the substrate are fully transparent to the incident laser irradiation, the ablation condition is solely fulfilled at the places where the laser trajectory hits the carbon layer through the dielectric layer.
Based on the matching absorption spectrum of the carbon layer with the laser emission wavelength around 1064 nm, /23/ the energy is selectively absorbed and dissipated, forming a heat-affected zone. As a consequence, depending on the degree of satisfaction of the ablation threshold condition, the carbon is either melted or evaporated /43/ , causing it to expand. The transparent dielectric top-layer is therefore delaminated due to the volume expansion after the evaporation of the light-absorbing conductive sub-layer. With respect to the evaporation process, the sudden increase in the volume of the sublimated carbon induces an increase of the local pressure which can be compensated only by the formation of a crack in the dielectric top-layer.
When inspecting carefully the optical profilogram in Fig. 4B indicate that at least traces of carbon are present in the formed cavity, conjecturally at its "ceiling" (the downside of the elevated platelet of the dielectric top-layer) (cf. Supporting Information).
Besides the indication in the cross-sectional SEM (Fig. 4D) , the existence of the cavity can be implied from the discrepancy between the individual layer thicknesses of the printed carbon (3-4 µm) and the dielectric (10-13 µm) layers (cf. Supporting Information): when looking at the profilogram ( Fig. 4B ) and the height profile (Fig. 4C ), one observes that there is an effective elevation of the dielectric layer by 5-6 µm which is clearly restricted to the area where the carbon was exposed to the laser beam. A third, but indirect method to probe the dimensions of the transistor channel is to measure the resistivity of the component after the reconnection step.
Assuming that the 100-150 µm wide gap in the carbon layer (cf. Fig. 2B ) is reconnected by PEDOT:PSS forming a solid film with a resistivity of the order of 10 S/cm, /48//49/ the PEDOT:PSS film has to have a minimum effective layer thickness of the order of 0.1-1 µm to achieve the measured final resistance of 2-20 kΩ (Fig. 5A ).
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At this point, it is obvious to ask if the amount of carbon which is not evaporated (and hence not carried away through the formed crack) or the quality of the reconnection step are related to the manufacture yield of the disconnection step. In order to answer this question, we performed a large-area sampling on the yield of the laser-assisted disconnection on 153 printed source-drain structures and the yield of the channel formation on another batch of the same number of structures. The results are visualized in Fig. 5 .
<Figure 5>
In the upper part of Fig. 5A , the occurrence of resistances measured after the laser disconnection step (cf. Experimental Section) is shown as a function of the applied laser scan speed varied in the range 1500-4500 mm/s. We considered a source-drain structure disconnected if a resistance of 2 MΩ or higher was measured, compared to the 5-20 kΩ measured for the printed carbon structures. For a laser scan speed of 1500 mm/s (equals a 7.5 µm spacing of the individual laser spots along the trajectory at 200 kHz repetition rate), more than 98 % of all source-drain structures could be considered disconnected, whereas the yield is only 56 % for a laser scan speed of 4500 mm/s (22.5 µm spot spacing). The result can be explained by the spot spacing: if the laser spots are placed too far apart from each other, the carbon layer cannot be successfully disconnected along the entire laser trajectory. This result was also observed in control experiments at higher laser scan speeds (5500 mm/s and higher) where a disconnection was not achieved-almost all source-drain structures kept their initial low resistance. Hence, the scan speed is a limiting factor with respect to the achievable manufacturing throughput.
Additionally, the yield of the reconnection step by inkjet printing is important. In the lower part of Fig. 5A , the results are displayed in the same fashion as for the disconnection step. For the fabrication of OECTs, to introduce a clear threshold, we considered a source-drain structure connected (meaning that it has been successfully reconnected or that it never was disconnected) if a resistance of 200 kΩ or lower was measured. For a laser scan speed of 1500 mm/s, only 10 % of the structures achieve resistances below 200 kΩ after reconnection and the remaining 90 % have to be discarded. For 3500 mm/s, more than 20 % are (re)connected properly and for 4500 mm/s, the number is roughly 50 %. However, for the latter case of higher laser scan speeds, we know from the disconnection experiments that this number includes structures that were never disconnected so that they cannot be used to make OECTs. Hence, the choice is a compromise:
using scan speeds between 2500 mm/s and 3500 mm/s, a total yield of 20-25 % can be reliably obtained for the manufacture of OECTs.
The improvement of the reconnection step could be explained by observing the geometrical shape of the crack measured by optical profilometry as a function of the laser scan speed (Fig.   5B ). For the smallest spot spacing (7.5 µm at 1500 mm/s), the crack has a linear shape, whereas for the highest spot spacing (22.5 µm at 4500 mm/s) there is a branched rather than only a linear crack formation over the entire heat-affected zone. We assume that, for the smallest spot spacing, the laser pulses interact with a pre-heated environment which leads to far less thermally induced mechanical strain in the dielectric layer than for the highest spot spacing, where every laser pulse practically interacts with the carbon layer at ambient condition. However, in the former case this condition is met only at the first edge of the carbon layer inducing the crack right above.
In the following printing step, the aqueous PEDOT:PSS ink is driven by capillary forces to the cavity and further down to the location of the removed carbon layer. Evidence for this 13 assumption is given by a measurement of the respective surface energies via the contact angles at the solid-liquid interface ( Summarizing the manufacturing part, the functionality of our OECTs is in substance based on three requirements: (i) the conductive sub-layer is completely cut during the self-aligning laserablation step and (ii) a via-like channel is indirectly formed through the dielectric top-layer that (iii) is re-filled with PEDOT:PSS in the subsequent inkjet printing step. Finally, inkjet-printing of an appropriate electrolyte and lamination with a conductive Orgacon foil (cf. Experimental Section) render the manufacturing workflow complete. The typical switching characteristics of an OECT are shown in Fig. 7 . The drain current I DS switches off within several 100 ms when a gate voltage of 1 V is applied. In Table 2 , we have outlined the switching times for OECTs with respect to reconnection efficiency: not only does the latter (seen from an ohmic resistance in the order of 20 kΩ) improve the amplitude of the current signal, an effective reconnection is also related to shorter switching times. We also see the usual effect that the ON switching times are 2-4 times longer than the OFF switching times. Here, the off-to-on (on-to-off) switch time was determined as the time it takes for the source-drain current 15 to increase (decrease) from 10 % (90%) to 90 % (10 %) upon a change of the applied gate voltage. 
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However, the registration issues require that PEDOT:PSS is printed in some excess on top of the laser-induced crack, which we call overfill printing. In the light of these arguments, it turns out that inkjet printing is the method of choice as it handles individual drops of liquid in the range of 10 pl at a deposition precision of 5 µm. When printing in multi-nozzle mode with a drop space of typically 20 µm, the printing is performed in seconds. On the other hand, since electrochemical devices rely on bulk switching of the active material, too large volume of available bulk liquid will have a detrimental impact on the switching time. Hence the overfill printing must be restricted to an inactive volume compensating the registration issues, which in the best case is electrically isolated from the PEDOT:PSS that forms the channel.
In order to probe the amount of PEDOT:PSS involved in the electrochemical switching events, <Figure 8>
Conclusions and Outlook
In conclusion, we have shown proof of principle that the fabrication of electrochemical transistors operating at 1 V with switching times around 100 ms is feasible by a combination of semiautomatic screen printing, scanning laser ablation, inkjet printing, and foil lamination. The presented manufacturing strategy is fully compatible with standard package printing. The registration precision (placement of the batch sheets) between the individual steps is in the order of millimeters. Hence, no expensive positioning equipment is required, and manufacturing is even feasible in semiautomatic or manual processes. Due to the employed concept of overfilling, our approach is insensitive to a number of typical failures that may occur along a printed electronics value chain: clogging of individual mesh cells, variation of laser intensity in the range of several per cent, clogging of individual nozzles during inkjet printing. In our manufacturing strategy, the inclusion of digital techniques (scanning laser, inkjet printing) enables fabrication concepts for personalized devices, e.g. arrays of OECTs with varying electrolytes as the active elements in sensor components, fully compatible with standard contemporary package printing.
The total manufacturing yields were 20-25 %, a value that is mainly dependent on the efficiency of disconnection by the laser-ablation step and the reconnection upon the formation of a channel via capillary forces by inkjet deposition of PEDOT:PSS. While, undoubtedly, these values do not yet fully comply with industrial demands, we point out that all steps were carried out with machines available or accessible to a regular print house. With a fine tuning of the laser parameters (wavelength, pulse duration) with respect to the particular stack materials and minor improvements of the layer homogeneities we expect that much higher yields are feasible.
Experimental Section
The samples were printed at Printed Electronics Arena (Norrköping, Sweden) using a semiautomatic screen printer (Model SCF-550, TIC Technical Industrial Co. Ltd.) and thermal and UV-based drying systems, respectively. Polyfoil (size 510x400 mm², thickness 125 µm;
Policrom Screens, Carvico, Italy; Lot No. 00158-223) was used as substrate. To minimize alignment problems, especially during the thermal drying steps between the printing passes, the foil substrates were preshrunk in a ventilated oven at 130-140 °C for several minutes prior to electrolyte. Reasonable mechanical stability of the device was achieved once the electrolyte was semi-dried, but to allow for a robust handling during the device characterization, the gate electrode was additionally fixed with tape.
The deposited layers were characterized using optical microscopy (Nikon SMZ1500, magnification 2-10×, and the built-in fiducial camera in the DMP-2800), optical profilometry 
